In people with a prior history of opioid misuse, cues associated with previous drug intake can trigger relapse even after years of abstinence. Examining the processes that lead to the formation and maintenance of the memories between cues/context and the opioid may help to discover new therapeutic candidates to treat drug-seeking behavior. The hippocampus is a brain region essential for learning and memory, which has been involved in the mechanisms underlying opioid cravings. The formation of memories and associations are thought to be dependent on synaptic strengthening associated with structural plasticity of dendritic spines. Here, we assess how dendritic spines in the CA1 region of the hippocampus are affected by morphine-conditioning training. Our results show that morphine pairing with environmental cues (ie, the conditioned place preference (CPP) apparatus) triggers a significant decrease in the number of thin dendritic spines in the hippocampus. Interestingly, this effect was observed regardless of the expression of a conditioned response when mice were trained using an unpaired morphine CPP design and was absent when morphine was administered in the home cage. To investigate the mechanism underlying this structural plasticity, we examined the role of Rho GTPase in dendritic spine remodeling. We found that synaptic expression of RhoA increased with morphine conditioning and blocking RhoA signaling prevented the expression of morphine-induced CPP. Our findings uncover novel mechanisms in response to morphine-associated environmental cues and the underlying alterations in spine plasticity.
INTRODUCTION
Opioid abuse is an emerging economic and social problem in the United States with 11 million people reporting the nonmedical use of opioid analgesics (Compton and Volkow, 2006a, b) . Chronic exposure to opioids and other drugs of abuse induce the formation and maintenance of maladaptive drug cue-context associations that can drive craving and relapse (O'Brien et al, 1992; Daglish et al, 2001; Crombag et al, 2008; Napier et al, 2013) . Recent evidence shows that development of morphine-induced conditioned place preference (CPP) requires dopaminergic transmission from the ventral tegmental area to the hippocampus (Esmaeili et al, 2012) , and that drug-context associations result in receptor adaptations and alterations in neuronal function in the hippocampus (Moron et al, 2010) . In our previous studies, we used the context-dependent behavioral sensitization model where repeated morphine administered specifically in the context of the locomotor activity chamber, and not at the home cage, resulted in a sensitized locomotor response when re-exposed to lower doses of morphine. This effect was mediated by an increase in synaptic GluA1 AMPA receptor expression and transmission in the hippocampus (Xia et al, 2011; Fakira et al, 2014) . Following these initial studies, we conducted additional studies using the morphine CPP model following the same schedule of morphine administration . As previously found using the contextdependent sensitization model, the morphine CPP model also resulted in alterations in glutamatergic transmission and impairment in hippocampal long-term potentiation at CA1 synapses (Xia et al, 2011; Fakira et al, 2014; Portugal et al, 2014) . Altogether, these studies clearly define a central role for the hippocampus in the association between the context and morphine exposure. However, it is currently unknown whether this impacts synaptic plasticity at the structural level.
Dendritic spines are the structural units of synaptic function and plasticity, and examining changes in spine morphology can elucidate essential signaling pathways that are involved in the remodeling of synapses (Nishiyama and Yasuda, 2015) . Three main types of spines are present in the hippocampus: thin, mushroom, and stubby (Bourne and Harris, 2007; Bourne and Harris, 2008) . Thin spines (~65% of the population) have a long narrow neck and are composed of small post-synaptic densities containing NMDA receptors and few AMPA receptors. Thin spines form and retract rapidly with synaptic activity. Mushroom spines (~25%) have a narrow neck and large head whose post-synaptic densities contain AMPA and NMDA receptors (Matsuzaki et al, 2001) . These spines are more structurally stable, and contain machinery for calcium regulation (Hering and Sheng, 2001; Bourne and Harris, 2007) . Stubby spines (~10%) have a short neck, therefore, signaling at these synapses is not compartmentalized by a narrow neck as in thin and mushroom spines. Structural plasticity of dendritic spines is controlled by actin polymerization. NMDACamKII-dependent activation of small GTPases, including RhoA and Rac1, ultimately regulates the activity of the actin severing protein cofilin (Hering and Sheng, 2001; Harvey et al, 2008; Nakazawa et al, 2008; McNair et al, 2010; Christoffel et al, 2011; Murakoshi et al, 2011; Golden et al, 2013; Wang et al, 2013b) .
Although previous studies investigated the effects of morphine on spine density, the impact of morphine CPP on hippocampal spine remodeling and the underlying signaling mechanisms is unknown. Morphine selfadministration decreases the overall spine density in the hippocampus and nucleus accumbens (Robinson et al, 2002) . In addition, in vitro studies aimed at investigating the direct effect of chronic morphine on cultured hippocampal neurons elucidated similar decreases in spine density (Liao et al, 2005; Liao et al, 2007; Zheng et al, 2010; Miller et al, 2012) . Until now, only a few studies characterizing the effects of opioids on spine morphology have been conducted. However, the majority of these studies rely on manual counts of two dimensional images that exhibit a selective bias against thin spines (Shen et al, 2009; Dumitriu et al, 2012) . In addition, the role of Rho GTPase signaling in opioid-induced structural plasticity has not been investigated yet. Moreover, the impact that the observed impaired synaptic plasticity, following context-dependent sensitization to morphine and morphine CPP, has on structural plasticity has not been investigated. Furthermore, given the fact that alterations in synaptic plasticity may affect other types of memory (ie, spatial memory), it is necessary to know whether morphineinduced alterations in plasticity may also affect other types of memory such as spatial memory. Therefore, the goals of this study are to determine whether morphine conditioning paired with environmental cues (ie, the CPP apparatus) is sufficient to trigger remodeling of dendritic spines in the hippocampus and whether this effect is associated with alterations in spatial memory. Finally, we examine whether the Rho GTPase signaling pathway mediates this alteration in dendritic spine structural plasticity that may be responsible for morphine-induced CPP.
MATERIALS AND METHODS

Animals and Morphine Treatment
Adult (6-8 weeks) male C57BL/6 mice (Harlan; n = 120 mice) maintained on a 12 h light/dark cycle with water and food ad libitum were used in this study. Morphine sulfate (provided by the National Institute on Drug Abuse) was dissolved in sterile saline at a concentration of 1 mg/ml. For all experiments, mice received daily subcutaneous (s. paired CPP, unpaired CPP, and home cage treatments. All protocols were approved by the IACUC at Columbia University and Washington University in St Louis, according to NIH's Guide for the Care and Use of Laboratory Animals.
Conditioned Place Preference (CPP)
Apparatus. Training and testing of morphine conditioning following a paired and unpaired CPP occurred in a 3-chamber CPP apparatus as we previously reported . Throughout the manuscript, the term 'morphine conditioning paired with environmental cues' refers to all mice that received morphine in the context of the CPP chamber. The neutral center chamber is 12 cm long, with smooth white PVC plastic walls and floor, whereas the two conditioning chambers are 28 cm long and have different visual cues on the walls (vertical vs horizontal black and white stripes), and black PVC plastic floors lined with woodchip bedding. The chambers are separated by manual guillotine doors to allow access to all three chambers, and photobeam arrays in all three chambers will be controlled by Med-PC software (Med-associates, St Albans, VT) to detect preference for each chamber.
Morphine conditioning following a paired CPP design. On the pre-conditioning day (Day 0), mice were placed in the neutral chamber and preference for all three chambers was measured for 15 min. Following an unbiased design, mice were randomly assigned to one of the two chambers and to the morphine-and saline-treated groups. During training (Days 1-4), mice received s.c. saline and were placed in the saline-paired chambers in the morning for 30 min. During the afternoon (4 h later), mice received morphine s.c. in the morphine-paired compartment for 30 min. In these experiments, escalating doses of morphine were used for each conditioning session (5 (Day 1), 8 (Day 2), 10 (Day 3) and 15 (Day 4) mg/kg; Figures 2a, 4a and 5a) as this dosing regimen has been shown to produce robust morphine CPP . Saline control animals were treated with saline s.c. in both conditioning chambers. Mice received a preference test on day 5 when they were placed in the central compartment and allowed to freely explore the apparatus for 15 min. All experiments were counterbalanced between the vertical and horizontal pairings. Preference was measured both by comparing the percentage of time they spent in the conditioning chambers prior to training and after training and using a Wilcoxon signed ranked test to determine whether mice spent significantly greater than 50% of time in the morphine-paired chamber post conditioning.
Morphine conditioning following an unpaired CPP design. On the pre-conditioning day (Day 0), mice were placed in the neutral chamber and preference for all three chambers was measured for 15 min. Mice were randomly assigned to the morphine-and saline-treated groups in an unbiased manner. In this design, morphine-pairing was alternated every day such that if they received p.m. dose of morphine in the vertical chamber on day 1, on day 2, they would receive the p.m. dose of morphine in the horizontal chamber etc. Ultimately, the mice received two morphine pairings in the horizontal chamber and two pairings in the vertical chamber.
Experiments were counterbalanced so that half the mice started with the vertical chambers and ended with the horizontal and the other half started with the horizontal chambers and ended with the vertical chambers. In this manner, the 5 (Day 1), 8 (Day 2), 10 (Day 3) and 15 (Day 4) mg/kg doses ( Figure 2a) were randomized between the chambers. Mice received a preference test on day 5 when they were placed in the central compartment and allowed to freely explore the apparatus for 15 min. Preference was measured both by comparing the percentage of time they spent in the conditioning chambers prior to training and after training and using a Wilcoxon signed ranked test to determine whether mice spent significantly greater than 50% of time in either the vertical, horizontal, or center chamber post conditioning. Data were analyzed in the same way as in the morphine-paired CPP design.
Home Cage Morphine Treatment
In the a.m. session, all mice received saline and were placed directly in their home cage. Four hours later, mice were injected s.c. with either escalating doses of morphine (5 (Day 1), 8 (Day 2), 10 (Day 3) and 15 (Day 4) mg/kg) or equivalent volume of saline and placed directly into their home cages.
Tissue Collection
Brains were collected immediately following preference testing for paired and unpaired groups or day 5 for the home cage group. The hippocampus was dissected out and immediately frozen on dry ice for biochemical experiments or the mice were transcardially perfused with 4%PFA and brains post-fixed for 24 h for spine imaging experiments.
Spine Analysis
Two weeks prior to pre-conditioning (Day 0), 0.5 μl of AAV5-CamKII-eYFP virus (5 × 10 11 particles per ml) were infused into the dorsal hippocampus (A/P:-1.7, Lat: +/ − 1.5, D/V:-1.8) unilaterally so that YFP was expressed in pyramidal neurons. This injection was counterbalanced so that both hemispheres were represented in the analysis. To visually enhance virally delivered YFP expression, we completed immunohistochemical analysis in 200 μm coronal brain slices with chicken anti-GFP (primary antibody, Aves Labs, Tigard, OR) and anti-chicken 488 (secondary antibody, Molecular Probes, Eugene, OR). Staining for GFP served as a method to increase the brightness of the viral YFP in order to easily image small sub-micron dendritic spines, a method that has been used by others (Wang et al, 2013a) . To qualify for spine analysis, dendritic segments had to satisfy the following requirements: (i) the segment had to be completely filled (all endings were excluded) and (ii) segment must be at least 50 μm from the soma. Dendritic segments were imaged using a Nikon Ti Eclipse Confocal microscope with a × 60 oil immersion objective (N.A. = 1.4). Image acquisition was as follows; pixel size in the x-y plane: 0.03 μm, z-stacks: 0.1 μm steps, resolution: 1024 ×~256, pixel dwell time: 2 μm/s, line average: 4. Images were deconvoluted with Volocity software to improve contrast and resolution. NeuronStudio software (Mount Sinai, New York, NY) with the rayburst algorithm was used to quantify spine size, shape, and volume as per Dumitriu et al (2011) . Approximately 3-6 dendritic segments (dendritic length per segment: 30 μm) per neuron were analyzed from 3-6 neurons per animal in 4-6 animals per group. The experimenter obtaining and analyzing confocal images was blinded to treatment groups. Throughout the course of these experiments, there were a few failures, meaning there was no labeling of CA1 neurons. In these cases, there was a needle track but no labeling indicating a failure of the virus to expel from the needle or less likely because of unintended infusion into the incorrect brain region.
Synaptosomal and Post-Synaptic Density Fractionation
Hippocampi were collected from both hemispheres and pooled. The synaptosomal and the post-synaptic density fractions were obtained as previously described (Xia et al, 2011; Fakira et al, 2014; Portugal et al, 2014) .
Western Blotting
Protein concentrations were measured using BCA protein assay as per the manufacturer's specifications. The total homogenate and post-synaptic density fractions were loaded equally (10-30 μg) and separated on 12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. After blocking in 5% non-fat dry milk in TBS containing 0.1% Tween-20, membranes were incubated with RhoA (1 : 1000, Cell Signaling, Danvers, MA), Rac1 (1 : 1000, Millipore, Darmstadt, Germany), or actin (1 : 5000; Millipore, Darmstadt, Germany) antibody overnight at 4°C. Membranes were then probed with anti-rabbit-HRP 1 : 5000 followed by Amersham ECL Prime detection or IRDye 680 anti-rabbit/ IRDye 800 anti-mouse (LI-COR, Lincoln, NE) and imaged using Odyssey software. After obtaining RhoA staining, blots were stripped and re-probed for Rac1 and then stripped and re-probed for actin. The intensity of each sample's RhoA or Rac1 band and its respective beta-actin was measured using ImageJ software. The intensity of these bands was normalized to its beta-actin and represented as a percent of the average intensity of the saline control samples.
Barnes Maze
In order to determine whether morphine conditioning training may impact other types of learning and memory, we conducted additional studies using the Barnes Maze, a model to examine spatial memory in rodents. The Barnes maze (Stoeling, Wood Dale, IL) is an elevated circular platform consisting of a 91 cm diameter open field with 20 equidistant holes around the perimeter. The maze contains one escape hole, a dark recessed chamber in which the mouse can hide, and 19 other 5-cm (diameter) deep chambers, which are too small for the animal to escape the open field. Visual cues placed on each wall of the room allowed spatial navigation while white noise was playing during the trial. This noise turned off automatically when mice entered the escape hole. For Barnes maze habituation, performed after the preconditioning test for CPP (Day 0), mice were placed in the center of the platform and given 180 s to enter the escape hole. Each mouse was given two trials separated by 2-min intervals. If the mouse did not enter the escape hole at the end of 180 s, they were gently placed into the hole and remained there for 1 min. On training (Days 1-4), mice were given three 180-s trials on the Barnes maze separated by 15-min intervals after morning saline conditioning in the CPP paradigm ( Figure 5a ). Latency to enter the escape hole was recorded using Any Maze software. On Day 5, mice were given a probe test on the Barnes maze 1 h after the CPP post-conditioning test. During this probe test, the escape hole was replaced with a shallow chamber in which the mice cannot enter. Animals were placed in the center of the platform for a 90-s trial. Latency to first entry and number of entries into the target hole were recorded.
Cannulae Implantation and RhoA/Rho-associated Kinase (ROCK) Inhibitor Experiments
Three weeks prior to morphine-paired CPP training mice were anesthetized using isofluorane, a craniotomy was performed, and two cannulae (C315G/SPC, 1.5 mm; Plastics One, Roanoke, VA) were lowered bilaterally into the hippocampus (−1.7 mm A/P; − /+1.5 mm Lat; − 0.8 mm D/V from bregma) using a stereotaxic frame. The cannulae were secured using two bone screws and affixed with dental cement (Lang Dental, Wheeling, IL). After pre-conditioning (Day 0), mice were separated into two groups: (i) morphine-paired CPP-intra hippocampal vehicle and (ii) morphine paired CPP-intra hippocampal ROCK inhibitor, H1152 (Tocris, Minneapolis, MN). H-1152 is a potent and selective inhibitor of ROCK (Ki 1.6 nM) with low activity at other kinases (Ikenoya et al, 2002) . On training days 1-4, 0.5 μl of either vehicle or H1152 (0.02 or 0.14 ng in 0.5 μl injected per side) was infused into the hippocampus through the internal cannula using an infusion pump (World Precision Instruments, Sarasota, FL). Mice were returned to their home cages for 15-20 min prior to conditioning session.
Statistical Analysis
Statistical analysis was performed using Graph Pad Prism 6 software. For behavioral experiments, a two-way ANOVA followed by Bonferroni post hoc tests, when applicable, were used to compare animal's performances. Wilcoxon rank test compared to 50% was also used to assess animal's preference for the drug-paired compartment. For spine analysis, a twoway ANOVA followed by Sidak's multiple comparisons post hoc tests were used to compare treatment groups. For western blot analysis, an unpaired two-tailed Student t-test was used to assess statistical differences in the band intensity normalized to their beta-actin internal control. Statistical difference was considered with a po0.05 in all experiments.
RESULTS
Viral Transfection to Analyze Dendritic Spine Morphology
In order to examine structural plasticity of dendritic spines following morphine conditioning under both paired and unpaired CPP design (or following home cage morphine treatment), we optimized a protocol that combines viral transfection with imaging using 3D reconstruction, which will allow for full characterization of spines types, previously only possible with serial section electron microscopy. As described above, mice were injected with AAV5 constructs expressing YFP under CaMKII promoter into the dorsal hippocampus to label pyramidal neurons (Figure 1a ). Following brain fixation, slices were obtained and CA1 pyramidal neurons were imaged using high resolution confocal microscopy. Figure 1b shows that injection of the AAV5-CaMKIIeYFP construct labels the majority of pyramidal neurons in the dorsal hippocampus. For the qualitative and quantitative analysis of dendritic spines, we used high resolution 3D imaging of CA1 dendritic spines and manual spine counting using NeuroStudio software. This approach has recently been shown to improve counts of thin spines compared with studies using 2D methods and Golgi staining techniques (Shen et al, 2009; Dumitriu et al, 2011) . Raw images (Figure 1c , panel 1) were deconvoluted with Volocity software to improve contrast and resolution ( Figure 1c, panel 2 ). NeuroStudio software with the rayburst algorithm was used to quantify spine size, shape, and volume ( Figure 1c , panels 3 and 4). Data in Figure 1d show that viral injection and imaging techniques allowed us to identify thin, mushroom, and stubby dendritic spines in CA1 hippocampus with similar proportions to those reported previously using electron microcopy approaches (Bourne and Harris, 2007; Bourne and Harris, 2008) .
Morphine Conditioning Paired with Environmental Cues Results in Morphological Alterations in Hippocampal Dendritic Spines
To examine whether morphine conditioning training affects spine morphology and density in CA1 pyramidal neurons, AAV5-CamKII-eYFP was injected into the dorsal hippocampus to label pyramidal neurons. Two weeks later, mice were conditioned following a morphine-paired or unpaired CPP-conditioning paradigm. As expected, in paired CPP experiments (see Figure 2a schematic), morphine conditioning triggered a significant preference for the drug-paired chamber during the post-conditioning test (two-way ANOVA for repeated measurements, interaction between treatment, and time: F 1,23 = 14,59; p = 0.0009, Figure 2b) . Post hoc Bonferroni analysis confirmed that during the post-conditioning test, morphine-conditioned mice spent significantly more time in the associated conditioning chamber (po0.01) (Figure 2b ). In the unpaired CPP experiments (see Figure 2a schematic), neither the conditioning (F 1,12 = 0.9653, p = 0.3452), the treatment (F 1,12 = 0.002990, p = 0.9573), or an interaction between these factors (F 1,12 = 0.01677, p = 0.89911) had an impact on post-conditioning results (see Figure 2b ).
Brains were collected and processed for morphological analysis after the post-conditioning test. Morphine by itself can influence spine plasticity in other brain regions (Kobrin et al, 2015) , therefore, in order to assess whether changes in spine density in the CA1 region of hippocampus were due to context exposure and not morphine treatment by itself, we included a group where animals were administered morphine or saline in their home cages. A two-way ANOVA revealed that thin spine density was affected by the paradigm used (paired, unpaired, or home cage; F 2,19 = 5.606, p = 0.0122, Figure 2d ) and the treatment received (saline or morphine; F 1,19 = 12.26, p = 0.0024, Figure 2c and d). Sidak's multiple comparison post hoc analysis confirmed that morphine given in either paired or unpaired conditioning resulted in decreased thin spine density compared with saline controls (po0.01 and po0.05, respectively). Interestingly, post hoc analysis indicated that thin spine density remained unchanged in mice that received morphine in their home cages (p40.05) (Figure 2d ). No significant change in either stubby (two-way ANOVA: paradigm: 
RhoA Signaling Cascade is Enhanced Following Morphine Conditioning Paired with Environmental Cues
The data shown above indicate that morphine conditioning in the CPP apparatus leads to changes in spine density. These modifications may require the activity of small GTPases such as RhoA and Rac1 in CA1 neurons. Therefore, we examined the expression levels of RhoA and Rac1 in both homogenates and synaptosomal fractions from microdissected hippocampi in order to determine whether these proteins may have a role in the observed morphine-induced decrease in thin spines. In hippocampal homogenates, morphine administered in either paired or unpaired CPP paradigms as well as in the home cage did not induce changes in RhoA (two-tailed unpaired ttest: p = 0.9887, p = 0.6354, and p = 0.4871, respectively) or Rac1 expression (two-tailed unpaired t-test: p = 0.4919, p = 0.0939, and p = 0.3981, respectively) (Supplementary Figure S1a , b, and c). However because Rho activity in the synapses would be more likely to regulate spine morphology, we assessed the expression levels of these proteins in hippocampal synaptosomal fractions. We observed that in the synaptosomal fraction, RhoA expression is increased in mice conditioned following paired and unpaired morphine CPP designs compared with saline controls (twotailed unpaired t-test: p = 0.002 and p = 0.0161, respectively) (Figure 3a and b) whereas Rac1 expression is increased only in morphine CPP unpaired mice (two-tailed unpaired t-test: p = 0.0003) (Figure 3b) . Furthermore, no significant changes in either RhoA or Rac1 expression were found in home cagetreated mice (two-tailed unpaired t-test: p = 0.7938 and p = 0.1670, respectively) ( Figure 3c ). Altogether, these results indicate that the context in which morphine is administered (ie, the CPP apparatus), rather than drug by itself, results in a specific increase in the synaptic expression of RhoA and not Rac1 leading to activation of the RhoA signaling cascade, which may result in the remodeling of dendritic spines.
Blockade of the Rho Signaling Cascade in the Hippocampus Results in Prevention of Morphine CPP
Our earlier results demonstrated an upregulation in synaptic RhoA in the hippocampus following morphine conditioning in the CPP chamber (in both paired and unpaired designs). This result suggests that enhancement of the RhoA signaling cascade might be one of the mechanisms underlying the observed decrease in thin spines. Therefore, in a next set of studies, we examined whether the blockade of the RhoA signaling cascade locally in the hippocampus has an effect on the development and subsequent expression of morphine place preference. Blockade of the RhoA signaling cascade was accomplished by microinjection of the ROCK inhibitor H1152, given ROCK's role as a downstream target of RhoA (Hering and Sheng, 2001) . To this end, mice were bilaterally cannulated in the dorsal hippocampus and conditioned in an unbiased paired morphine CPP paradigm. Microinjections of either vehicle or H1152 (2 doses: 0.02 ng/0.5 μl or 0.14 ng/ 0.5 μl per side, intra-hippocampus) were given 20 min before the mice received morphine (s.c) for the conditioning sessions ( Figure 4a ). This procedure was repeated prior to each morphine conditioning session to prevent ROCK activation during the formation of the association between the context and the drug. We found that bilateral administration of H1152 in the hippocampus at a dose of 0.14 ng/ 0.5 μl prior to the conditioning sessions prevented the expression of a morphine place preference (two-way ANOVA for repeated measurements: conditioning: F 1,25 = 31.82, po0.0001 and interaction between conditioning and time: F 2,25 = 6.411, p = 0.0057, Figure 4b ). Bonferroni post hoc test confirmed that mice injected with 0.14 ng/0.5 μl H1152 did not exhibit a place preference (p40.05) (Figure 4b ). In contrast, we found that mice injected with both vehicle or a lower dose of H1152 (0.02 ng/0.5 μl) still developed a preference for the morphine compartment (po0.001 and po0.01, respectively) ( Figure 4b ). Although the preference observed in mice injected with 0.02 ng/0.5 μl H1152 was attenuated compared with vehicle-injected mice, this reduction in place preference was not significant (Figure 4b ). In addition, locomotor activity was measured during the post-conditioning test using beam break count and no significant difference in activity was observed between any dose of H1152 and vehicle-infused mice, demonstrating that the attenuation in preference during the post-conditioning test mediated by the ROCK inhibitor is not attributable to a decrease in animal's general motor activity (one-way ANOVA, p = 0.2249, Figure 4c ). These results are in line with our previous findings and indicate that the RhoA signaling pathway in the hippocampus may be responsible for the development of morphine-CPP.
Morphine Conditioning-Associated Spine Remodeling Does Not Impact Spatial Memory
Because spine density in the dorsal hippocampus has been linked to spatial memory (Moser et al, 1994; Mahmmoud et al, 2015) , it was then critical to evaluate whether the observed morphine conditioning-associated decrease in the density of thin spines could impact the formation of overall spatial memory. To this end, mice were simultaneously conditioned using the morphine-paired CPP paradigm and trained in a spatial learning task using the Barnes maze. In order to evaluate the impact that morphine conditioning in the CPP apparatus could have on spatial learning, the Barnes maze and the CPP training were interspersed. To this end, training sessions took place between the morning and the afternoon CPP conditioning session (Figure 5a ). Mice trained on the Barnes maze in addition to the experimental protocol did not have any effect on the animals' ability to develop a preference for the drug-paired compartment (twoway ANOVA: paradigm: F 1,16 = 15.2, p = 0.0013 and interaction between treatment and paradigm: F 1,16 = 8.281, p = 0.0109; Bonferroni post hoc test po0.001 pre-vs postconditioning test) (Figure 5b ). In addition, saline-and morphine-treated animals behaved similarly in the acquisition and performance on the Barnes maze task because no effect of time or interaction in between treatment and time was observed (two-way ANOVA: time: F 3,16 = 9.99, po0.0001 treatment: F 1,16 = 1.286, p = 0.2736, interaction time and treatment: F 3,16 = 1.472, p = 0.2341, Figure 5c ). Furthermore, we found no difference in number of entries or latency to first entry of the target area between saline-and morphine-treated mice during the probe test (unpaired t-test: p = 0.5404 and p = 0.9475, respectively, Figure 5d and e). Taken together, these results indicate that the decrease in spine density observed following morphine-paired CPP training does not affect overall spatial memory.
DISCUSSION
Because persistent and maladaptive context-dependent memories associated with drugs of abuse are thought to be responsible for the reinstatement of drug-seeking behavior, elucidating the mechanisms that underlie these associations may shed light on relapse prevention. Previous investigations in our laboratory highlighted an effect of context-dependent behavioral sensitization to morphine and morphine CPP on synaptic plasticity within the CA1-Schaeffer collateral pathway (Xia et al, 2011; Fakira et al, 2014; Portugal et al, 2014) . The observed impact on functional plasticity may be indicative of alterations in the dynamics of spine morphology because repeated synaptic activation (Yagishita et al, 2014) and stimulation paradigms that induce synaptic plasticity alter both the density and shape of dendritic spines (Yuste and Bonhoeffer, 2001; Harris, 2011, 2012) . However, limited information is available on the impact of morphine conditioning paired with environmental cues on structural spine plasticity within this pathway.
Persistent structural and functional alterations in dendritic spines caused by drugs of abuse have been proposed to mediate the aberrant learning associated with addiction (Robinson et al, 2002) . Recent studies have attempted to determine the role of structural plasticity in drug-induced behavior with conflicting results (Russo et al, 2010; Miller et al, 2012) , which may result from the complexity of the intracellular signaling mechanisms underlying structural plasticity of dendritic spines caused by drugs of abuse. Opioids decrease dendritic spine density in the hippocampus (Liao et al, 2007; Miller et al, 2012) , however, it is not known whether opioid-induced alterations in hippocampal structural plasticity are integral for drug-induced conditioned responses. Therefore, to fully appreciate the morphological adaptations that occur in the hippocampus following opioid conditioning training, we conducted high resolution imaging and 3D reconstruction in combination with biochemical analyses and in vivo pharmacology to elucidate the signaling pathways that are activated following opioid exposure that may have a role in the mechanisms underlying opioidcontext associations. First, we confirmed that morphineinduced decreases in spine density are not associated with memory impairment, using spatial and contextual tasks. However, unlike the findings of Robinson et al (2002) , our findings indicate that experimenter-administered morphine paired with environmental cues decreases spine density compared with control animals. This discrepancy can be explained by the difference in the animal strain we used (rats vs mice), the paradigm used (self-administration vs CPP), and the time point of spines analysis. In our studies, spines were examined 24 h after the last morphine conditioning in a morphine CPP paradigm, whereas Robinson et al (2002) conducted their studies 1 month following the last morphine self-administration. This marked difference could readily explain the discrepancies in our results. We have also demonstrated that both paired and unpaired groups of mice showed a decrease in spine density in the CA1 region of the hippocampus, independent of the expression of a place preference. The lack of place preference in the unpaired paradigm does not exclude the possibility that animals have associated the morphine exposure to the context of the conditioning chambers. In this regard, the observed changes in spine density could be associated with the formation of an association between morphine and the environmental cues (ie, the CPP apparatus) rather than an intrinsic effect of the drug by itself, especially because morphine given in the home cage has no effect on spine density. Another possibility is that the alterations in dendritic spines observed following the paired and unpaired morphine CPP could be due to acute conditioned withdrawal effects (Siegel, 1976 (Siegel, ,1978 Kelsey et al, 1990) . In addition, data presented here showing that inhibition of ROCK during morphine conditioning sessions prevents the expression of morphine CPP indicate that adaptations occurring during these conditioning sessions are critical for the expression of the preference during the post-conditioning test. However, future studies investigating spine dynamics during morphine conditioning using in vivo imaging approaches could shed light on whether this process is a progressive loss of spines with each conditioning session or whether spine remodeling can be further impacted by the exposure to the CPP chambers during the post-conditioning test, which then triggers the retrieval of the memory leading to the expression of a place preference.
Rho GTPases, including RhoA and Rac1, regulate the actin polymerization and therefore spine morphology (Hering and Sheng, 2001; Christoffel et al, 2011; Golden et al, 2013; Wang et al, 2013a; Wang et al, 2013b) . On the basis of previous studies (Nakayama et al, 2000; Tashiro et al, 2000) , decreases in spine density can result from either increases in RhoA activation or decreases in Rac1 activation. Indeed, previous studies have demonstrated that increases in RhoA can mediate a loss of thin spines (Chen et al, 2013) and that its overexpression and constitutive activation results in decreases in spine density and length (Nakayama et al, 2000; Tashiro et al, 2000) . Our current study uncovered a relationship between decreases in thin spine density and increases in synaptic RhoA expression. Moreover, both of these outcomes occurred when morphine was paired with the CPP chamber and not their home cage environment suggesting that RhoA signaling may have a role in forming drug-context associations. We did uncover an increase in synaptic Rac1 expression (~50%), although this effect was only observed in mice that received morphine conditioning in the unpaired design. However, the RhoA increase, which was on the order of 95% in paired and 178% for the unpaired, is greater than the Rac1 increase indicating that the increase in RhoA is a more robust effect. It is possible that the observed effect in Rac1 may have some impact on spine remodeling (Christoffel et al, 2011; Golden et al, 2013) ; however, this may be masked. For example, the RhoA increase in the unpaired mice is nearly 100% more than in the paired mice (178 vs 95%); therefore, it is possible that the larger RhoA increase in the unpaired mice results in the removal of an increased number of thin spines, which is compensated by the Rac1 increase, therefore normalizing the number of spines lost to similar levels between the paired and unpaired mice. In support of the concept that RhoA is more robustly activated by pairing morphine with environmental cues, intra-hippocampal injection of the ROCK inhibitor, which results in a downstream blockade of the RhoA signaling pathway, completely prevented the expression of morphine CPP.
Studies by us and others have demonstrated that the hippocampus has a critical role processing contextual associations with rewards including natural rewards, such as food, and drugs of abuse (Ferbinteanu and McDonald, 2001; Ito et al, 2008; Xia et al, 2011; Fakira et al, 2014) . In addition, the hippocampus is known for its role in processing spatial information and memories (Moser et al, 1994; Mahmmoud et al, 2015) via spine remodeling in the dorsal hippocampus. Although these two types of memories and/or associations may be controlled via different mechanisms, they still both require regulation by hippocampal neurons. More recent studies expanding on Seigel's (Siegel, 1976 (Siegel, ,1978 Li et al, 2003; Lisman and Grace, 2005; Sarantis et al, 2012 ) morphine tolerance studies demonstrate that lesioning the dorsal hippocampus blocks context-dependent morphine tolerance in mice (Huroy et al, 2015) further supporting the notion that the hippocampus is essential in the processing of morphine-context associations. The finding that RhoA signaling is involved in hippocampal functions that process spatial and contextual cues is supported by other studies. In one study, blockade of RhoA in the hippocampus impaired memory retrieval on the Morris water maze, whereas RhoA activation enhanced memory retrieval (Dash et al, 2004) . In addition, Rho inhibition in the hippocampus blocked the retrieval of conditioned aversion induced by naloxone-precipitated withdrawal (Haditsch et al, 2009 ). In our study, the inhibition of the RhoA-ROCK pathway occurred during the training sessions and not during the probe test, therefore preventing the acquisition of the drug-context memory but not the retrieval. In studies by Dash et al (2004) , mice were trained on the Morris water maze under baseline conditions and inhibition or enhancement of RhoA was induced only prior to the retrieval test (Dash et al, 2004) . When taken together, these studies and ours demonstrate that RhoA activity has a role in both spatial memory acquisition and retrieval.
One remaining question is how the presence of environmental cues is signaled to CA1 hippocampus. Environmental cues induce an increase in dopamine activity in the hippocampus (Li et al, 2003; Lisman and Grace, 2005; Sarantis et al, 2012) , which may enhance LTP induction at CA1 synapses. A polysynaptic circuit that has been shown to be critical for this mechanism projects from the subiculum to the nucleus accumbens resulting in disinhibition of the palladium, which will subsequently affect the ventral tegmental area. Ultimately, disinhibition in the ventral tegmental area results in increased dopaminergic output back to the hippocampus (Lisman and Grace, 2005) . Furthermore, dopamine influences firing activity of hippocampal cells in response to distal and proximal cues in a novel environment (Tran et al, 2008) , supporting the notion that dopamine release in the hippocampus has a role encoding these environmental cues. Moreover, dopamine D1 receptor activation influences RhoA and Rac1 activity (Li et al, 2015) , and therefore, pairing morphine conditioning with environmental cues may induce structural plasticity by activation of this signaling pathway.
Overall, our results demonstrate that morphine conditioning using either a paired or unpaired morphine CPP design leads to the decrease in thin spine density in the hippocampus. This structural alteration is accompanied by an increase in synaptic RhoA in the hippocampus. Interestingly, these effects are not observed following the administration of morphine at the home cage suggesting that this spine remodeling is dependent on contextual pairing. In addition, these studies demonstrate that the Rho GTPase signaling cascade is involved in morphine-context associations, as inhibition of this pathway locally in the hippocampus during conditioning training completely prevents the expression of morphine place preference. Our findings will help to elucidate a potential mechanistic link between opioid-induced alterations in structural plasticity with the formation and expression as well as the reinstatement of drug-induced conditioned responses.
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